Theoretical analysis has been presented on a nematogen 4-dimethylaminobenzaldehyde (4-cyanophenylethylidene) hydrazone (E,E) (C18H18N4) to analyze its phase stability. The net atomic charges and dipole moment at each atomic centre has been calculated using complete neglect of differential overlap/spectroscopy method. The modified Rayleigh-Schrödinger perturbation theory along with multicentered-multipole expansion method has been used to evaluate the long-range intermolecular interactions. A "6-exp" potential function has been used for short-range interactions. The total interaction energy values have been used as input to calculate the probability of a particular configuration using the Maxwell-Boltzmann formula. Further, the Helmholtz free energy, and entropy at room temperature (300 K), nematic-isotropic transition temperature (436 K) and above transition temperature (500 K) have been computed. An attempt has been made to understand the phase stability and behaviour of the molecule. UV absorption spectra have been calculated using complete neglect of differential overlap/spectroscopy, and intermediate neglect of differential overlap/spectroscopy methods. The observed π → π * transitions, electrochemical properties based on highest occupied molecular orbital, lowest unoccupied molecular orbital energies, and principal polarizability components, and anisotropy of polarizability have been reported to understand the kinetic stability, global reactivity, and non-linear optical activity of the molecule.
Introduction
Number of mesophases will be observed during a transition from an ordered crystal to the disordered isotropic liquid, which are known as liquid crystalline (LC) phases [1] . These phases are with partial order of the crystalline state and certain degree of mobility. The quest of researchers to explicate the phase structure-ultra violet (UV) stability relationship at molecular level is the progressing theme of LC science [2, 3] . From the LC literature, one may conclude that there are different kinds of nematic phase [4] among which the local molecular organization is qualitatively different. The research of particular nematogens demands a thorough knowledge of their structure in relation to that of other nematic phases based on theoretical models [5, 6] prior to the synthesis as it offers valuable information on phase behaviour. The stability of a given phase is principally governed by the Helmholtz free energy A. Molecular motions (translational, rotational etc.) have a direct effect on the entropy of a substance, since, the greater the energy that is stored in these motions, greater the degrees of freedom, and greater the entropy. Hence, the free energy is altered.
In general, the intramolecular electronic energy is much higher than the intermolecular potential energy, a phase transition results in a very small change in the electronic energy of a molecule. The molecular structure remains unchanged despite the phase transitions in such cases.
The phase structure arises from a delicate interplay between the internal molecular structure and the moleculemolecule interaction energy, which has a close relation with anisotropy of physical properties [7] . These mesophases are controlled by the interplay between probability and entropy. Further, the analysis of the electronic excited states of mesogenic molecules may also have some interest for the study of LC behaviour. In fact, the orientation-dependent part of the dispersive intermolecular forces, which also contribute to the stabilization of the LC phase, particularly of the long range orientational order of nematics, depends on the spatial anisotropy of molecular transition moments from fundamental to excited electronic states (molecular anisotropy factor) [8] .
The role of molecular interactions in LC compounds has engrossed the attention of several workers [9, 10] based on the Rayleigh-Schrödinger perturbation method. These studies have been focused at establishing the anisotropic nature of the pair potential, and subsequently finding out the maximum probable configuration of a pair of LC molecules. Thus, the main emphasis was laid on finding out the minimum energy with observed crystal structure, the basic motive for ordering of a molecule. It has been observed that the interaction energies for a pair of mesogens indicate the preference of a particular configuration over the other depending on their energy values. These values, however, do not reflect the actual relative preference, which can only obtain through their probability corresponding to each configuration. Further, in terms of multipole interactions, significant differences among the energies of various configurations are noticed, which must have a marked effect on thermodynamic properties of the system. Hence, the relative energies are used as an input to calculate the thermodynamic parameters of C 18 H 18 N 4 .
The relative energies (the difference of energy at a particular transition/rotation point to the minimum energy of a configuration) between a molecular pair of C 18 H 18 N 4 have been computed at an intermediate distance of 6 Å for stacking and 8 Å for in-plane interactions. Similarly, a distance of 20 Å has been kept for terminal interactions. The selection of intermolecular separations has been made to allow the molecule to have full freedom corresponding to rotation and translation relative to each other. Furthermore, instead of finding the exact minimum energy configuration an attempt has been made to elucidate the general behavior of the molecules surrounding a fixed molecule in a particular frame of ref-
erence. An examination of thermodynamic data has revealed that C 18 H 18 N 4 exhibits nematic-isotropic transition temperature at 436 K [11] . Further, the semiempirical analysis aims at providing a picture of molecular absorption, electrochemical, and nonlinear optical properties of C 18 H 18 N 4 using the complete neglect of differential overlap/spectroscopy (CNDO/S) [12, 13] , intermediate neglect of differential overlap/spectroscopy (INDO/S) [14, 15] schemes. Global chemical reactivity descriptors are reported to understand stability and reactivity, while polarizability components are analyzed to understand the nonlinear optical activity.
Theoretical approach
The molecular geometry of C 18 H 18 N 4 has been constructed on the basis of published crystallographic data with the standard values of bond lengths and bond angles [11] . The details of the computations carried out are presented in the next subsections.
Computation of atomic net charges and dipole moments
The simplified formula for interaction energy calculations requires the evaluation of atomic net charges and dipole moment components at each atomic centre through an all-valence electron method. In the present computation, the CNDO/S method [16] has been employed to compute the net atomic charges and dipole moment at each atomic centre of the molecule.
Computation of configurational probabilities
According to the second order perturbation theory for intermediate range interactions [17] , the total pair interaction energy of molecules (U pair ) is represented as sum of various terms contributing to the total energy
where U el , U pol , U disp and U rep are the electrostatic, polarization, dispersion, and repulsion energy terms, respectively. The electrostatic term is expressed as
where U QQ , U QM I and U M IM I etc. are monopolemonopole, monopole-dipole and dipole-dipole terms, respectively. In fact, the inclusion of higher order multipoles does not affect significantly the electrostatic interaction energy and the calculation only up to dipoledipole term gives satisfactory result [17] [18] [19] . The dispersion and short-range repulsion terms are considered together because several semi-empirical approaches, viz. the Lennard-Jones or Buckingham type approach, actually proceed in this way. The necessary formulae may be found elsewhere [19] . An orthogonal coordinate system is considered to facilitate the above calculation. The origin has been chosen at almost centre of the molecule. The x-axis along a bond parallel to the long molecular axis while the y-axis lies in the plane of the molecule and z-axis perpendicular to the molecular plane.
The total interaction energy values obtained through these computations were used as input to calculate the probability of occurrence of a particular configuration i (P i ) using the Maxwell-Boltzmann formula [19] in order to obtain a better insight
−∆εi/kT j e −∆εj /kT .
Computation of thermodynamic parameters
The following thermodynamic parameters [20] have been calculated to understand the phase stability and phase behaviour at molecular level:
where the internal energy U is expressed as
where P i stands for probability, A stands for the Helmholtz free energy, and S stands for entropy, ∆ε i is the relative energy, β = 1/kT , k is the Boltzmann constant, T is the absolute temperature and ε i represents the energy of the configuration i to the minimum energy value in a particular set for which the probability distribution is computed.
UV absorption spectra
The present study adopts two methods for the estimation of UV spectra of C 18 H 18 N 4 molecule namely CNDO/S, and INDO/S. Revised versions of QCPE 174 by Reimers, University of Sydney and co-workers have been used for the semiempirical calculations [21] . Global and local reactivity descriptors from the Koopman theorem, the ionization potential IP and electron affinity EA are the eigenvalue of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) with change of sign [22] i.e., IP ≈ E H and EA ≈ E L . Several GCRD parameters of molecules such as hardness η, chemical potential µ, softness S, electronegativity χ and electrophilicity index ω have been calculated based on the basis of CNDO/S, and INDO/S methods. The global hardness η, and chemical potential µ [23] is defined as the second and first derivative of the energy E, with respect to the number of electrons N , at constant external potential, v(r), captures the resistance of a chemical species to changing its electronic number
where E and v(r) are electronic energy and external potential of an N -electron system, respectively. Softness [24] is a property that measures the extent of chemical reactivity. It is the reciprocal of hardness and electronegativity has been defined as the negative of the electronic chemical potential in the Mulliken sense
Using the Koopman theorem for closed shell molecules η, µ and χ can be redefined as:
The concept of electrophilicity viewed as a reactivity index was introduced by Lee et al. [25] . It is based on a second order expansion of the electronic energy with respect to the charge transfer ∆N at fixed geometry. This index, which measures the stabilization in energy when the system acquires an additional electronic charge ∆N from the environment, is defined by the following simple and more familiar form [26] in terms of the electronic chemical potential µ and the chemical hardness η. Electrophilicity is a useful structural descriptor of reactivity and is frequently used in the analysis of the chemical reactivity of molecules, which is expressed as: ω = µ 2 /η. The inverse of the electrophilicity is defined as nucleophilicity and is expressed as: v = 1/ω. On the other hand, the maximum amount of electronic charge that an electrophile system may accept is given by ∆N max = −µ/η [23] . The maximum charge transfer ∆N max toward the electrophile may be evaluated. Thus, while the quantity ∆N max describes the tendency of the system to acquire additional electronic charge from the environment; the quantity ω describes the charge capacity of the molecule.
Results and discussion
The molecular geometry of C 18 H 18 N 4 with various atoms is shown in Fig. 1 . The results of probability distribution corresponding to the different modes of interactions are discussed below. 
Stacking interactions
One of the interacting molecules is fixed in the x−y plane, while the second has been kept at a separation of 6 Å along the z-axis with respect to the fixed one. The variation of probability with respect to translation along x-axis corresponding to configuration y (0 Fig. 2 at room temperature (300 K), nematic- Fig. 2 . Variation of probability with respect to translation along x-axis during stacking interactions at room temperature 300 K, nematic-isotropic transition temperature 436 K, and above phase transition temperature 500 K.
isotropic transition temperature (436 K) and above phase transition temperature (500 K). It is clear that the variation of probability is constant in the region of −10 ± 2 Å, which shows that sliding of one molecule over the other is energetically allowed for a small range. This may be correlated with the fluidity of the compound maintaining its alignment in the mesophase. Further, the configuration has been refined with respect to translation along the xaxis at the equilibrium condition, the energy is brought down and the configurational probability is again investigated with respect to rotation about the x-axis.
The variation of probability with respect to rotation about x-axis corresponding to configuration y (180
• ) z (0 • ) has been carried out. This analysis indicates that the maximum probability shows a slight preference for the aligned structure of this configuration. The minimum energy thus obtained is taken as the starting point and the entire process is repeated for small intervals. The energy is minimized with respect to translations and rotations about x, y, and z-axes. An accuracy of 0.1 Å in translation and 1
• in rotation of one molecule with respect to the other has been achieved.
In-plane interactions
During this mode, the interacting molecule has been kept at a separation of 8 Å along the y-axis with respect to the fixed one. The effect of translation along x-axis corresponding to the configuration y (0 • ) is shown in Fig. 3 . The probability has been computed at room temperature (300 K), nematic-isotropic transition temperature (436 K), and above phase transition temperature (500 K). Since in-plane interactions are weaker than the stacking interactions, a greater freedom corresponding to translation is observed with the maximum probability at 4 Å. The interacting configurations have been refined with respect to translation along the x-axis at the equilibrium condition, the energy is brought down and the probability is further investigated with respect to rotation about x-axis. The variation of probability with respect to rotation about the x-axis corresponding to configuration y (180 • ) has been carried out. It has been noticed that a pronounced peak exists for a particular rotation point, and all the remaining regions have negligible probability as compared to this configuration. The noteworthy aspect in this study is that the rotational freedom is much more pronounced as compared to the stacking interactions.
The variation of the probability with respect to rotation about the y-axis corresponding to the configuration x (0 • ) has also been carried out, and it is observed that the rotation about the y-axis does not alter the configurational probability to a great extent compared to rotation about x-axis.
Terminal interactions
These interactions are weakest but become important when the molecule possesses a polar group at either or both of the ends or if there is a possibility of hydrogen bonding. To investigate the terminal interactions apart from the van der Waals forces, the interacting molecule have been shifted along the x-axis by 20 Å with respect to the fixed one, and rotations were allowed about xaxis. The rotations about the x-axis corresponding to configuration y (0 • ) show (Fig. 4) no preference for any angle, i.e., the molecules are completely free to rotate about their long molecular axis. Fig. 4 . Variation of probability with respect to rotation about x-axis during terminal interactions at room temperature 300 K, nematic-isotropic transition temperature 436 K, and above phase transition temperature 500 K.
Phase stability and phase behaviour
The present analysis may be helpful to understand the phase stability well as nematic character of C 18 H 18 N 4 . The nematic behaviour of LC is generally manifested by its translational freedom along the long molecular axis. The thermodynamic parameters such as the Helmholtz free energy and entropy have been calculated with respect to translation along x-axis during the different modes of interactions to estimate the phase stability and phase behaviour.
A comparative picture of the Helmholtz free energy with respect to translation and rotation during the different modes of interactions at room temperature (300 K), nematic-isotropic transition temperature (436 K), and above phase transition temperature (500 K) is listed in Table I . As the negative free energy increases, the phase stability of the system also increases. It is evident from Table I that the Helmholtz free energy during the stacking interactions at room temperature is -8.37 kcal/mol, while it is increased to -9.58 kcal/mol at nematic-isotropic transition temperature, which confirms the stability (order) of molecule in nematic phase. It is much more prominent during in-plane and terminal interactions as observed from Table I.   TABLE I A comparative picture of thermodynamic parameter, Helmholtz free energy (A) corresponding to various configurations during the different modes of interactions at room temperature (300 K), nematic-isotropic transition temperature (436 K), and above phase transition temperature (500 K).
Mode
Configuration Figure 5 shows the translational entropy as a function of temperature during stacking and in-plane interactions along the long molecular axis. It is noticed that translational entropy during stacking interactions is 3.95 kcal mol −1 K −1 at nematic-isotropic transition temperature (436 K). However, at room temperature (300 K) the value is 3.49 kcal mol −1 K −1 (with a ∆S of 0.46 kcal mol −1 K −1 ) indicating a strong binding at low temperature with less disorder. But with increase of temperature, the molecules obtain sufficient freedom to slide along the long molecular axis, which causes the increment of disorder. Such translational freedom is much more dominant during in-plane mode. Evidently, even at room temperature the value is 6.41 kcal mol −1 K −1 , which increased to 6.55 kcal mol −1 K −1 (with a ∆S of 0.14 kcal mol −1 K −1 ) at nematic-isotropic transition temperature (436 K). It may be noted that though the freedom is considerable for smaller translation, longer translations are not generally permitted. Thus, in the mesomorphic range, small movements of molecules are only possible. During a phase transition, the molecular motions would be excited and thereby the number of thermally accessible conformations would be increased. The translational entropy in the isotropic liquid states is increased from its room temperature (Fig. 5) . It implies that the different modes of molecular motions (translational, rotational, etc.) are excited almost to an equal extent. This induces all possible degrees of freedom, and leads to the isotropic state. The comparison of translational entropy during stacking and in-plane interactions indicates a low value of ∆S during in-plane interactions, which indicates the higher ordering along y-axis. This shows that the molecule C 18 H 18 N 4 does not show any preference in forming the stacked layers (along z-axis), hence justifies the nematic character.
UV absorption spectrum
In the calculation of electronic spectra, the configuration interaction (CI) method is widely employed. Using a CI method in combination with a semi-empirical model Hamiltonian, an evaluation of absorption spectra of large organic molecules and LCs becomes possible [27] . The analysis of UV-Vis absorption spectra of C 18 H 18 N 4 molecule has been given below using CNDO/S and INDO/S methods.
CNDO/S and INDO/S data
The UV absorption spectrum of C 18 H 18 N 4 molecule has been shown in Fig. 6 using CNDO/S and INDO/S methods. A three-band structure has been observed using CNDO/S method in the UV region with absorptions at 209.37 nm (λ 1 ), 273.24 nm (λ 2 ), and 311.33 nm (λ 3 ). The INDO/S method estimates four strong absorptions at 214.65 nm (λ 1 ), 239.26 nm (λ 2 ), 291.99 nm (λ 3 ), and 321.29 nm (λ 4 ). The λ max (which provides UV stability data of the compound) has been observed at λ 3 and λ 4 using CNDO/S and INDO/S methods, respectively. These bands arise from the HOMO → LUMO transition, and it is assigned as π → π * transition in the molecule. The other absorption bands corresponding to the remaining wavelengths in UV region also indicate the possibility of π → π * transitions in the molecule at higher wavelengths. In particular, it is found that the transition corresponding to the most intense peak in the UV spectrum of the molecules (π → π * transition) has a strong polarization along the long molecular axis. The absorption maxima (λ max ), extinction coefficients, oscillator strength f , vertical excitation energies E V , dipole moment µ and its components (µ x , µ y , µ z ), HOMO (H), LUMO (L), and energy gap E g of C 18 H 18 N 4 molecule, using the CNDO/S and INDO/S methods, has been reported in Table II . It is evident from the table that both the methods estimate the values of λ max , energy gap, and other parameters up to a reasonable agreement. The chemical hardness, potential, reactivity, softness, electronegativity, electrophilicity, kinetic stability and optical polarizability, etc. of any molecule can be explained with the help of H and L energies. The packing density of C 18 H 18 N 4 is expected to be high due to the planarity of the molecule. This induces charge transfer that is responsible for the nonlinear optical properties. 
Electrochemical and non-linear optical properties
Global chemical reactivity descriptors (GCRD) are used to understand the relationship between global chemical reactivity, structure, stability etc. parameters of any molecule. The hardness of any molecule is related to aromaticity [28] . The values of various GCRD parameters such as chemical hardness η, chemical potential µ, softness S, electronegativity χ and electrophilicity index ω of the molecules using HOMO and LUMO energies have been given in Table III . The calculated H-L energy gap and chemical hardness values reveal the chemical stability of titled molecules. The higher energy gap suggests higher kinetic stability as according to softness-hardness rule. When the molecule possesses wide energy gap then is said to be hard and also shows higher thermal and kinetic stability. The smaller H-L energy gap implies lower kinetic stability and higher chemical reactivity because it is energetically favorable to add electrons to a high lying LUMO or to extract electrons from a low lying HOMO.
TABLE III
Calculated values of ionization energy I = (−EH ), electron affinity A = (−EL), electronegativity χ = (I +A)/2, chemical hardness η = (I − A)/2, electronic chemical potential µ = −(I + A)/2, electrophilicity index ω = µ 2 /η, and softness S = 1/η, maximum charge transfer ∆Nmax, principal polarizability components αXX , αY Y , αZZ in a.u., isotropic component α iso ), anisotropy ∆α, asymmetry ηα, and ∆α/α of C18H18N4 molecule using CNDO/S and INDO/S methods. Polarizability values of molecules are very important in investigating electrostatic intermolecular interaction energies of molecules without having permanent dipole moment. Polarizability is the measure of distortion of a molecule in an electric field. The quantities α xx , α yy and α zz are known as the principal values of the polarizability tensor. This property measures the strength of molecular interactions (e.g., long-range intermolecular induction, dispersion forces, etc.), and the optical properties of a system. The calculated principal polarizability components (α xx , α yy , α zz ), isotropic component (α iso ) = (α xx + α yy + α zz )/3, anisotropy ∆α = ¦α xx -(α yy +α zz )/2¦, asymmetry η α = (α yy −α zz /α xx −α iso ) of C 18 H 18 N 4 has been presented in Table IV . The molecular polarizability component α zz is higher than the other two polarizability components. The ratio ∆α/α is directly related to the strength of the anisotropic dispersion energy for the optimized geometry of the molecules. The need of experimental data on polarizability of C 18 H 18 N 4 put a stop to full confidence being given in the data of Table III. Also, accurate theoretical calculations of molecu-lar polarizabilities are rather difficult to obtain with more complex methods. Hence, it may be concluded that the data in Table III have significance at a comparative level. Further, it should also be noted that this data refers to "gas phase" molecule. A decrement in these values is to be expected when the dielectric nature of the material is considered. With this limitation, too, the data and the geometric data discussed above are consistent with the LC behaviour of C 18 H 18 N 4 .
Conclusions
The present theoretical model leads to the following conclusions:
1. The comparison of translational entropy during stacking and in-plane interactions indicates a low value of ∆S during in-plane interactions, which indicates the higher ordering along y-axis. This shows that the molecule C 18 H 18 N 4 does not show any preference in forming the stacked layers (along z-axis), hence justifies the nematic character. The increment in negative free energy confirms the stability (order) of molecule in nematic phase.
2. It is evident that both the methods estimate the values of λ max , energy gap, and other parameters up to a reasonable agreement. The packing density of C 18 H 18 N 4 is expected to be high due to the planarity of the molecule. This induces charge transfer that is responsible for the nonlinear optical properties.
3. The ratio ∆α/α is directly related to the strength of the anisotropic dispersion energy for the optimized geometry of the molecules. For the title compound it is > 1 using both the methods.
